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1.  INTRODUCriON 

To  j’.athcr  data  on  smoke  cloud  jjrowth  and  characteristics,  a 
test  of  artillery  and  mortar  smoke  munitions  was  conducted  at  the 
Jefferson  Proving  {'.round,  Indiana,  on  19-21  August  1975.^^^  Ten 
rounds  of  each  of  the  following  WP  and  IIC  smoke  munitions  were 
dynamically  fired  in  single-round  fire  missions:  155mm  MHO  V.'P;  105mm 
MfaO  KP;  4.2-inch  M528  IVP;  81mm  M375  WP;  60mm  M302  WP;  155mm  M116  ilC; 
105mm  M84  IIC.  The  series  also  included  a static  firing  of  one  round 
of  each  of  these  munitions. 

Data  extraction,  discussed  in  Section  2,  was  limited  to 
meteorological  data  and  to  16mm  films  of  the  clouds  from  three  ground 
locations,  as  shown  in  figure  1.  Measures  of  cloud  growth  and  other 
cloud  characteristics  were  extracted  from  the  films. 

The  data  analysis,  presented  in  Section  3,  is  to  support 
the  JTCC/Mi;  Smoke  Obscuration  Model. It  is  therefore  restricted  to: 
cloud  dimensions  at  early  times;  rate  of  rise  of  the  WP  plume.  The 
time  period  of  each  analysis  is  limited  by  the  filming  time  of  each 
fire  mission. 

2.  DATA  EXTRACTION 

Extensive  measurements  were  made  of  W'P  and  liC  cloud 
characteristics  from  the  ground-based  16mm  films.  Tlie  graduated 
reference  markers  in  the  field  appeared  with  the  clouds  in  the  films, 
and  provided  a scale  with  which  to  extract  linear  dimensions.  Time 
estimates  were  based  on  the  filming  speed  of  24  frames/sec.  An 
adjustment  was  applied  to  the  measurem.ents  to  account  for  the  angle 
between  the  film  plane*  and  the  direction  of  cloud  travel.  This 
adjustment  has  been  made  to  tlie  data  reported  in  Appendix  A.  The 
location  of  the  smoke  sources  relative  to  the  impact  area  were 
derived  by  use  of  the  grid  markings  on  the  ground,  which  appeared 
in  the  16mm  photographic  coverage  from  helicopters. 

2 . 1 Meterological  Conditions 

The  meteorological  conditions  of  wind,  atmospheric  stability, 
and  relative  humidity  are  crucial  to  the  growth  and  transport  of  a 
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smoko  cloiiil.  The  motoorolojjical  data  jjatherod  durinj;  the  .IIH;  test  are 
lirescntod  in  Tables  1 and  2,  and  may  be  related  to  the  individual  cloud 
data  records  in  Appendix  A. 
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An  assessment  was  made  of  the  Pasquill  catej;ory  of 
atmospheric  stability  for  each  fire  mission.  Pasquill  categories  of 
atmospheric  stabi  lity  are  identified  by  percent  cloud  cover  and 
wind  speed.  The  parameters  defining  each  category  may  be  used  to 
predict  the  growth  of  a smoke  cloud  with  a Gaussian  distribution  of 
mass.  Small  corrections  to  these  groupings  of  the  cloud  measurements 
were  made  by  comparing  the  measured  heights  of  the  IVP  plume  centroid 
versus  time  for  each  munition.  The  need  for  such  an  adjustment 
probably  reflects  short-lived,  localized  variations  in  the  meteoro- 
logical conditions  during  the  cloud  development. 

2. 2 IVP  and  IIC  Cloud  Characteristics 

A summary  of  IVP  and  IIC  cloud  characteristics  for  which 
measurements  were  made  is  given  in  Figures  2 and  3,  respectively. 

This  reflects  the  difference  in  nature  of  the  WP  and  IIC  sources: 
conventional  IVP  is  a bursting  munition  which  exhibits  a pillaring 
effect  due  to  the  high  heat  flux  generated  by  the  rapid  burning  of 
the  IVP;  HC  burns  in  its  component  canisters  over  a 2 to  2.5  minute 
period.  The  clouds  from  the  individual  canisters  quickly  merge  to 
form  a single  cloud  which  generally  has  the  approximate  shape  of  a 
right  angle  triangle.  Because  of  its  far  simpler  shape,  fewer 
measurements  were  required  of  the  HC  clouds  than  of  tl\c  UP  clouds 
at  each  time.  Tlie  measured  cloud  dimensions  would  allow  a rough 
picture  of  the  cloud  to  be  constructed  at  each  of  the  given  times. 

The  particular  cloud  dimensions  exploited  in  this  analysis,  for  use 
in  the  JTCG/ME  Smoke  Obscuration  Model,  are  discussed  in  Section  3. 

3.  APPLICATION  OF' MEASURED  DATA 

The  measurements  of  cloud  characteristics  presented  in 
Appendix  A were  used  for  the  following: 

a.  To  obtain  the  height  and  width  of  the  UP  cloud  just 
after  the  weapon  phase,  as  a function  of  munition  fill  weight.  The 
end  of  the  "weapon  phase"  is  the  time  when  tlie  glowing  orange 
hemisphere  becomes  a white  cloud,  which  is  generally  about  one  second 
after  burst. 

b.  To  calculate  parameters  for  a function  giving  the 
height  of  the  centroid  of  the  UP  plume  as  a function  of  time;  a 
similar  study  was  made  of  the  farthest  downwind  portion  of  HC 
clouds,  as  this  is  the  portion  of  the  cloud  where  separation  from 
the  ground  surface  occurs.  These  parameters  are  given  in  Table  3. 
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Figure  2.  Summary  WP  Cloud  Characteristics 


*bnsc  of  atom  tii'-iieslum. 
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Figure  3-  Summary  of  HC  Cloud  Characteristics 
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3 . 1 Soil  re  o IJyse  ript  ion 

The  Smoke  Ohscurat i on  Model  represents  a smoke  cloud  as  a 
Ciaussian  distribution  of  aj^ent . To  initiate  the  f>rowtli  of  the  cloud, 
a measure  of  tlie  base  diameter  and  the  height  of  the  cloud  at  the 
time  of  its  formation  are  needed.  These  measures  arc  referred  to  as 
the  "source  sigmas"  of  the  distribution,  where  represent 

tlie  base  diameter  in  the  windward  and  crosswind  directions,  respectively, 
and  4o_^  represents  the  height,  wlicrein  more  than  99%  of  the  cloud 

material  is  contained.  The  existing  values,  represented  by  tlie  solid 
lines  in  Figure  4,  are  based  on  numerous  experimental  data  points 
for  mortar  rounds  compiled  from  the  literature  by  Mr.  fl.  C.  Johnson. 

Some  of  tlie  points  liad  been  crudely  measured  hence  the  need  for 
verification . 


Measurements  of  the  source  sigmas  from  the  .JPG  test  are 
given  in  Figure  4 as  circled  dots.  They  were  averaged  for  each 
IVP  munition,  independent  of  meteorological  conditions  and  other  factors 
which  were  considered  to  be  non-inf luential  at  such  early  times.  The 
measured  values  for  both  mortar  and  artillery  lie  fairly  close 

to  the  solid  o curve.  However,  their  consistently  greater  value 

than  the  existing  values  may  indicate  that  the  curve  should  be 
adjusted  upward.  The  measured  values  for  the  mortar  rounds  lie 

close  to  the  existing  curve  for  but,  as  noted  above,  their 

consistently  higher  values  may  indicate  that  the  existing  curve  for 
a should  be  adjusted  upward.  The  test  values  for  the  artillery 

rounds  are  so  much  higlier  than  those  for  the  mortar  rounds  tliat  a 
separate  curve  may  be  indicated,  as  shown  by  the  dashed  line  in 
Figure  4.  If  the  values  for  artillery  and  mortar  rounds  may  be 

lumped  together,  as  in  the  case  of  then  the  existing  curve 

should  still  be  adjusted  upward. 


3.2  UP  Plume  Rise  Models 


The  smoke  cloud  produced  by  the  conventional,  bulk-filled 
WP  munitions  generally  exhibits  a strong  pluming  effect,  due  to  the 
high  heat  flux  from  the  burning  smoke  agent.  Because  the  plume 
generally  contains  a high  percentage  of  the  original  fill  weight,  and 
because  of  its  tactical  value,  its  influence  must  be  considered  in 
certain  calculations  of  smoke  obscuration. 

Two  mathematical  forms  which  predict  the  height  of  the 
centroid  of  the  plume  were  considered  for  application  to  tlie  JPG  data: 
the  Joules  model, which  was  developed  from  a consi Jeration  of  i.asic 
principles  of  the  growth  of  the  plume  (see  Appendix  c) . and  was 
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intoiulc'd  primarily  as  a rosoarch  tool;  and  a modified  lopari  tliinie 
function  wliicU  was  an  accurate  and  convenient  curve  fit  of  the  data. 
Because  of  its  o.xplicit  use  of  several  intcrestinj;  variables,  an  effort 
was  made  to  imi'lement  the  .loules  model.  However,  for  reasons  of 
expediency,  this  attempt  was  abandoned  in  favor  of  the  curve  fit  form. 

The  expression,  jjiven,  below,  is  a function  of  time  only, 
and  is  imi'licitly  a function  of  munition,  wind  speed,  and  condition 
of  atmospheric  stability: 

-(t)=Cj  + C,  (In  (t  + 5))“,  where 
z = height  of  centroid  (m) 
t = time  after  hurst  (sec.) 

Cj,  L\,  arc  constants  determined  by  a least  squares  fit  of  the 
function  to  the  data. 

Figures  9 through  11  give  the  height  of  centroid  for  tiic 
155mm  l\'P,  Pasquill  categories.  A,  B and  C,  respectively,  as  generated 
by  the  Joules  function  (based  on  Yuma  Proving  Ground  data)  and  the 
curve  fit  (based  on  .lefferson  Proving  Ground  data) . The  "adjusted 
curve  fit,"  which  appears  in  several  of  the  figures,  is  simply  the 
curve  fit  to  the  given  d.-ita  points  whicli  was  translated  vertically 
to  conform  to  the  initial  size  of  the  cloud  (o^)  at  t=0.  Considering 

the  numerous  sources  of  discrepancy,  the  comparison  is  quite 
reasonable.  Graphs  of  the  height  of  rise  data  and  their  fitted 
functions  for  other  IVP  munitions  are  given  in  Figures  12  tlirough  20. 
Table  5 contains  tlie  values  of  and  for  all  of  the  curve  fits. 

5.5  lie  Cloud  Rise  Model 


Without  a separate,  explicit  cloud  rise  function,  the 
Smoke  Obscuration  Model  permits  the  centroid  of  a cloud  to  rise  only 
as  a result  of  cloud  expansion.  Based  on  observations  of  !IC  clouds, 
this  assumption  seemed  to  be  questionable  when  applied  to  the  leading 
portion  of  an  IlC  cloud.  For  this  reason  data  describing  the  rate  of 
rise  of  the  centroid  of  the  leading  portion  of  IlC  clouds  were  ex- 
tracted from  the  JPG  test  results.  A linear  function  was  successful 1\- 
applied  to  curve  fit  these  cases.  Their  graphs  and  curve  fitted 
parameters  are  given  in  Figures  21  through  24  and  in  Table  1, 
respectively . 


Static  Firings 


Cloud  characteristics  were  also  measured  for  several  static 
firings.  A comparison  with  the  rise  functions  for  the  dynamic  shots 
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would  indicate  the  influence  of  tlie  motion  of  tiic  projectile, 
entrenchment  of  smoke  agent  particles  in  the  earth,  etc.  These 
graphs  and  curve  fitted  parameters  are  given  in  I'igures  25  tliroup.h  29 
and  in  Table  1,  respectively. 

4.  CONCLUSIONS 

a.  Tl\e  JPG  test  data  indicate  that  the  source  sigmas 
currently  used  in  the  Smoke  Obscuration  Model  may  be  about  45  percent 
low  for  artillery  munitions. 

b.  The  test  data  indicate  that  separate  functions  for  the 
initial  vertical  component  of  cloud  growth  for  artillery  and  mortar 
munitions  may  be  needed. 

c.  The  test  data  and  curve  fit  function  for  the  rise  of 
the  centroid  of  the  155mm  WP  plume  closely  approximate  for  pre- 
dictions by  the  more  sophisticated  Joules  rise  function. 

d.  The  height  of  rise  of  the  centroid  of  the  downwind 
portion  of  HC  clouds  may  be  represented  by  a simple  linear  function 
of  time. 

It  is  recommended  that  each  of  these  aspects  of  data  and 
extraction  and  analysis  be  separated  with  other  smoke  tests,  and  the 
results  amalgamated  with  those  presented  herein. 
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_72.2__| 

35.0 

..253 

. _ 

. .47.5 

- 51-6  1 

- 77.2 

86.6  1 

40.0 

12.2 

61.3 

5K6 

326 

. 75. Z 

103.  ! 

1 

— 

1 

» 

1 

+ end  of  weapon  phase 
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Ll.dUU  CIIAH/u.  II  Kid  lies 


Mut'itioii  Slmm  WP 

Shot  Niiinhcr  , G-2  S looking  M 

Wind  Speed  (kts)  ? 

Cloud  Cover  ^ 

KarticU^  diL;pcrsion  Width  (m)  ^ 

Source 

rrcii:'c  ' Tiire  1 Width  1 Ihickne'-.c 
No.  (See)  (m)  (m) 


Date  Aug.  21 

Time  of  firing  1047 

Wind  Direction  (”TIJ)  210 


Stem  PJuino  Centroid  j 

Traper.  iuni*  Distance  | ol 

Rase  I Height  Travelled  Heielit.  ' Klur,.^ 

(ill)  . (I'l)  (m) I 


jiirLK‘:.!ni  \‘\U)\i\uv,  niionui)  sMfX'i  'iisi 

(.LOUD  (,IIAR/\CI1  UIM  ICS 


Mun  i (,  i I'  n 81mm  UP 

Shot  niii’ibor.  H-2  S looking  N 

Wind  Speed  (kt';)  _4:8 

^ Cloiid  Cover SO 

Particle  Di spec':  ion  Width  (in) 


Date  Aug.  21 

Time  (if  f ir  iru|  __  1_309 

Wind  DirffCtion  ('^'TN)  245 


Frame  ! Ti,;:L 
See 


Source 

' Width  I Thickness 


Stem  I nuKK!  Centroid  ! 

Trapesium  j Distanre  | 

Base  I Height  i Travel  li'd  Heitiiil.  ' 


270  1 1 .3 


360 L5_..Q_ 

480  20.0 


..  .600  . 


28.6 

4.57 

28.6 

4.57 

2^6 

6.09 

33.6 

7.62 

4_0A 

3.80 

47.1 

7.62 

55_.5 

15.2 

10.7 

BD.1 

! 15..2_ 

103 

15  J 

1 

16.8 


25.2 
,18. 5 
J0^2, 

25.2  1 


92.5! 


_9J4_ 

10.7 


19.8 


22.9 


33.5 


44.2 


57.9 


16^  ; 

16.8  ' 


20.1  i 


23_j, : 
25.2  i 


30.3 


35.3  j 


\ 

43.7  ! 


ji.Fii KSdij  piuiviiir.  CHOiiHD  '.Mor;  iisi 

( LOUD  LMAi'ACll  lUbTlCS 


Munition  Slmm  UP 

Shot  Number. 1-2  $ looking  N 

Wind  Speed  (kLs)  4-7 

' Cloud  Cover 

Particle  [)i sporuion  Width  (ni) 


bate  31 

Time  of  firing 


Wind  Direction  (”lN) 


Source 

Tt'ni'ip  ' !i;;.p  I Width  i Thickiio?:! 


Stem  PI ume__Cent.ro id  I 

- --  --  I 

Irai'ocium  Distance  i ^ i 

Base  I Height  Travelled]  lleigiit  1 

(n) 


^0_8_ 

14  I .58 


48  I 2.0 


.52 


6.09 


7.62 


10.7 


13.7 


341  14.2 


I ; 


* Source  Width  could  not  be  measured  because  its  separation  from  the  nearly- 
simultaneous  case  I-l  was  not  clear. 


ji  rn  proviix;  niiouNn  sr.ni'i  ust 

(.1  Oi:i)  CIIAIIACll  Risi  Its 


Munition  60mm  WP  Da tp  ._21 

Shot  Timo  of  f i ri nc,  ^i_3i_5_ 

Wind  Speed  (kt^  -ilZ Direction  (“TN) 

■ Cloud  Cover 5.(1. 

Particle  Dispersion  VJidt.li  (m)  


Frame 

Do._ 

Til,..' 

(Sec) 

Soorce 

l.'i  dtli 
(in) 

1 hickncss 

. .(e) 

St 

Trar 

Base 

.(I'll 

nil 

lesioii'. 

Heieht 

I ("iL. 

Plume  t 

Disterice 

T ravel  1 od 

.(.e) 

entroi d 

lleiolit 

Width  ; 
of  ■ 
Plum'.  ■ 
(•■)  ■ 

1 

• 

1 

0 

5.04 

3.05 

! 

n 

.458^ 

20.2 

7.62 

i 

24 

23.6 

7.62 

1 

144 

6.0 

75.7 

22.9 

i 

?fi4 

lijQ- .... 

127. 

7.62 

) 

21.9  1 20.2 

123. 

24.4 

30.9  ! 

.?R4 

16.0 

181  . 

18.3 

^ i 

504 

21 .0 

23il_ 

18.3 

30.5 

45.4  ! 

605 

25.2 

252 

18.3 

36.6 

67.3  1 

1 

1 

J 

- - j 

i 

1 

1 

1 

1 

! 

1 

i 

i 

- 

- 

1 

1 

i 



+ end  of  weapon  phase 
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Jiri  IRVIN  RlU'Virin  (iRDUUD  SHOIT  TLST 
CLOUD  CIIARACll.RISl  ICS 


Muni  tion  155nim  HC 

Shot.  fluiiiUer I 7 S looking  N 


Date  

lime  of  Li  ring  1428 


Wind  Si'C'i'fl  (Lt''0. 

T Cloud  Cover 

Cann i stcr  hi spors i on  On) 


Wind  Direction  (^TN)  328 

l.jrn  Time  (sec) 


I Timc- 

lanister 


Source 

iMdth 


Body 

Thickness 
_.(i'0 


Di stance 
To 

Leading 
Ldge  (m) 


-35.9 

_ 11.9 


Height 

of 

Leading 
edge  Jin) 


L...47..8. 

I...  Z.5..7. 


Ji.Fn  rK()vir;r,  smokl  tl;.) 

Cl. oil!)  (.ilAOACII.liiCI  ICS 


Munition  155nri  HC 
Shot  Nuinbc'f  1-7  (Cont) 


Hate,  ftun-  21 

Tiiiio  of  Fi  rin'j 1A2S 


Wind  Spood  ( kts ) , 5-8 

C 1 oud  Cover  _ _ _ 50 

Cannister  Dispei sion im) 


Wind  (Ji  reel  ion  (^TN) 
hum  Time  (sec) 


Canister! 


T i me 
.(sec) 


Source 

Width 

(ill) 


Body 

Thi cFncss 

61  .0 

_ 61.0_ 

_68_.6 

68.6 


D i stance 
! 0 

Leadi nq 
Fdqe  (in) 


498 


458 


548 


lleiqht 

Of 

Lead  i m 
Fdqe  (m) 


717 


jrrrr.Kson  rRovinn  croih;:) 


f;i,(iHi)  CHARACTl  RlLl  ICS 


Munition  lOSinm  HC 

Shot  Number  1-6  (Cont) 

Wind  Speed  ( kts ) ^ 5-8 

% Cloud  Cover 50 

Cannister  Dispers ion fnt) 


Cani ster 

T i me 
(sec) 

Source 

Width 

M 

Body 

Tlii  ckness 
(in) 

IHMIli 

_ m._  . 

ts  n 

^45,  . 

38,6 

1.  ? 

HHMi 

i5o.q  . 

16.3 

._3 

40.0 

215.5 

30.5 

. 1,  2 

45.0 

172.4 

20.3 

3 

45.0 

229.9 

30.5 

1,  2 

50.0 

194 

24.4 

3 

50.0 

229.9 

28.5 

55.0 

115.7 

18.3 

55.0 

184.1 

pbbpi 

1,  2 

60.0 

121  .0 

.3 

60.0 

a 

1,  2 

65.0 

126.2 

HIS 

3 

65.0 

231  .4 

44.7 

1 X 2,_. 

..  ..70..0 

1,36.7 

..  26.4 

3 

70.0 

226.2 

44.7 

-1  . 2 

_ 75,0 

131  ,5 

26.3- 

15.  A.-. 



..  2Qx3 

06 


TfST 


21 

Time  of  Firing  1422 

Wind  Direction  (°TIJ) 

Burn  Time  (sec)_ 


Distance 

To 

Leading 

Edge_(ni)_ 

Heic|ht 

of 

Leading 

Ldc;e  (mj 

_223- 

316 

. . 1.5IL9  ..  . 

172.4 

172.4 

172.4 

194 

201  .2 

115.7 

157 .a .... 

73.6 

_L6£L3. 

126.2 

189.3 

1 1Q..4  . 

189.3 

jau5..  .. 

._ia4x.l 
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jrrfr.HSOH  i'ROviko  fii'ODiii)  smoki  itst 

f.lOOD  CIIARALl!  RISTICS 

Muni  1-  i nn  105mm  WP 

Date  ^^9-  21 

Shot.  Nui'iber  , 

Time  of  fi r i ng  ^ i 704 

Wind  Speed  (kts)  2-4 

Wind  Direction  (^IN)  2^3 

Cloud  Cover  50 

Particle  Dispersion  iiiclMi  (m)  , 61.0 

Source 

Stem  Plume  Centroid  ! 

Ci-ane  ! Tiii.e  ! Uidtii  1 Thicl'.ness 

! 

Trapes i urn  Distance 

Base  1 fleiciht  Travelled  Height  ; 



.._ZLJ3 

74.8 


24.01  11.0 


10.5 


24.4  I 


33.3 


* True  plume  not  formed;  "Centroid  Height"  refers  to  the  upper  structure 
of  the  cloud. 

(i8 


ji  n 1 R'-, 

(Ri  I’ROVIIIO  Cl 

oiipi)  smi'i  ns 

r 

CLldll)  (dlARACl 

1 RiSI  u s 

..  . 81nim  WP 

Niiin  1 1 \ 

Oct 

(>  Au().  21 

Shot  rUil'ilH'i'  StAtir  S Iniitinn  R 

T 1 

,f»  of 

i i n ti'i 

1732 

V.'ind  Speed  (ktsl 

Will 

id  Oil 

ection  ( 

'Ml.)  __29_3 

Cloud  Cover 5.Q  .. 

Part; tie  Dispersion  1.  k 

iUi  (m)  15.9 

-62.5 

★ 

Sourc'* 

Stem 

PI  u'l'e 

( f-llti  eid 

T rap"*'.,  i urn 

' 

[li  S tam  e 

■ 1 

rrai/O  ' line  j R'idtli  ' 

Thickness 

Case  1 

i 

I rave  1 1 f ' 

i 1 He  if’ht 

1 / \ 

Ro.  1 (Sf.'c)  1 (m) 

(iTl) 

(m)  (m) 

1 

(ni) 

('n. 

1 1 

1 .04 

1 : 

10.4  ' 6.10 

__3_q5_  ]_ 

475  19.8 

63_3_  2_6.4 

748  31  .2 

aza  --  34^- 

..mi  _ 37..5 


54.6 

36.6 

62.4 

54.9 

52.0 

82.3 

103.9 

94.5 

110.9 

97.5 

118.3 

100. 

103.9 

laL  . 

100.. 

108  .7 

9.1.4 

. J 

* Cloud  rose  to  rapidly  to  show  a well-defined  plume  and  a separate  source. 
+ end  of  weapon  phase 


ji  Nippon  pp(iv!i;s  r.P'.iiiNi)  ‘.Mori  Ti:,i 
CLOUD  CIIAPACllPlbl  ICb 


Munition  60mni  WP 

Shot  Niiinbor  . Static 

Wind  Spend  (kts) 2-J 

^ Cloud  Cover  ^50  

Particle  Dispersion  Widlh  (in) 


Da  to  . Aua  ^ 

Time  of  I' i »'i np  _173.2 

Wind  Direction  C’l'l)  ?q.T 


^ource  Stem  I Pluim;  C(-ntroid  ^ 

; ’ I 

Trapesiuin  i Distan'  e | i 

Praiv.e  | Time  Width  I Ihickncss  Base  , Heiqht  i Travelled  I llrieht  ; 

No.  (Sec)  (m)  I (ni)  __  .(Til)_„  i!!’.)...  . J ' 


0 


.125 


6 


3.33 


6.38  39.0 


1 5.49 

15.6 

1 

i 7.32 

8.53 

9.75 


34.1 


71  .5  I 


31.8  74.1 


34.5  81.9 


1 

1 u.  --J-.  - 

* True  plume  not  formed: 
of  the  cloud. 

"Centroid  Height"  refers  to  the  upper  structure 
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(.louiJ  < iiAi'/u,  II  h;‘.. 


Muni  tirm  155mni  HC 

Shot  tiuiiijcr Static  S looking  Tl 

Wind  Spcful  ( 1. tr> ) ._5-5_ 

('.loud  Covc'r ■_ 7(3 .7 

Caiiiiislcf  D iiipdi  b ioti  I HI  3 


r 

Canister 

T i me 
(sec) 

Source 

Width 

(h.)  _ , 

body 

1 ! i cl: ness 
('■■■) 

1 

1.54 

11.7 

2.6 

_ 2 

3.a_._ 

3.9 

3 

1 .54 

5.2 

3.9 

1 

3.21 

t-D 

3.3 

2 

3.21 

8.4 

3.3 

L.  .i  . 

3.21 

11.7 

4.6 

5.46 

7.8 

3.9 

2 

5.46 

13.0 

5.2 

1 

5.46 

22.1 

5.2 

. . . . 

8.63 

7.8 

4.6 

2 

8.63 

16.9 

3 

8.63 

26.0 

. 2 

JJ^Q  ^ 

, .32.5-,-. 

3 

17.0 

29.8 

-za.Q.. 

. 

34.2* 

90.9 

44.9* 

97.4 

55.5* 

179 

. 72,41- 

- 172.2 

♦merger  of  individual  clouds 


I 1 1 SI 


[ffo.  

1 iiiio  of  I i ring  1617 

Wind  Dii’i'f.tion  (^111)  . 

[ urn  T ill  (■  ( ',(•(, ) 


1)  i stance 

In 

1 eadi nn 
[ (U|o  (in) 

Ilei  nht 
of 

Lead  inn 

Ld.|0  (i  ) 

20.1 

9,] 

_28^ 

IJ...  .... 

42.8  . .. 

. 14.3 

-._.12^_  . J 

1 n.3  ■ 9 

. 13.0..  . . ^ 

126.8 

14.9  __ 

154.6 

16_^ 

179.1 

18.2  . . 

182. .3 
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Source  W 


^ Source  Width 
0 Body  Thickness 


Figure  6 


X 


X 


X 

X 


e> 


o 

0 0 


H 1 

1.0  1.5 


Time  (.Seconds) 

Source  Pescription,  4.2"  U'P 
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Source  IVidth  and  Body  Thickness  (m) 


12  3 4 

Time  (Seconds) 

Figure  8.  Source  Description,  81mm  hT 


SoLircL-  '.udt/i  and 


as(|iiill  Catcj’orv  H 


001 


Plune  Rise,  ISSmi  WP , Pasqui 


■'lire  13.  I’lunc 


Fi}>ure  16.  Plume  Rise,  105mm  IVP,  Pa.s(iuill  Category  / 


Tine  (Seconds! 


Time  (Seconds) 

Figure  21.  Pluire  Rise,  60nn  UP,  Pasquill  Category  II 


Downwind  Cloud,  ISSran  iiC,  Pasquill 


Tiinc  (Seconds) 

Figure  25.  Dovr.\sir.d  Cloud,  lOSr'.n,  Fasquill  Category 


fine  (Second?) 

i?c,  60r.m  V.T*,  rasquill  Category  Static  Firing 
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AMSAK-S,\M 

MEMORy\Nl)UM  FOR  RECORD  28  April  1973 

SUBJECT:  Vertical  Rise  of  a Heated  Plume 


1.  This  "first-generation"  methodology  i or  computing  the  rate-of-rise  of  a 
heated  plume  has  been  developed  from  first  principles.  Tiie  assumption  is  r-ide 
that  the  plume  resembles  an  oblate  spheriod  with  a well-defined  initial  volume. 
The  contents  of  the  plume  are  "hot",  with  respect  to  its  surrounding  air  mass. 
Thus,  the  density  of  the  plume  is  less  than  the  air,  and  the  plume  tends  to 
lift  because  of  bouyant  forces.  As  energy  is  lost  through  the  plume's  surface, 
bouyant  forces  are  reduced  and  the  plume's  rate  of  ascent  decreases.  Expansion 
of  the  plume  with  time  complicates  the  methodology. 

2.  Empirical  data  from  the  1971  Yuma  Proving  Ground  surveillance  tests  of 
the  155>D1,  MllO  series,  WP  projectile  were  used  to  evaluate  certain  constants 
which  appear  in  the  model.  Because  those  tests  were  not  intended  to  provide 
technical  data,  certain  constants  are  specified  with  little  confidence.  Tnose 
constants  will  be  subject  to  change  as  more  definitive  data  become  available. 

3.  The  height  of  the  plume's  centroid,  at  any  time  t,  may  be  calculated  from 
the  following  equation: 


4.  is  the  height  of  the  plume's  centroid  immediately  after  munitions  impact 

and  smoke  dissemination  (i.e.,  t“o).  For  WP  aTnmunition  the  volume  at  is 

calculated  from  z = 3a  . In  particular,  for  the  155MM  WP  round  the  value 

of  z is  7.0  meters. 
o 

5.  V is  a constant  which  has  been  derived,  empirically,  from  the  Yuma  test 
data.  Its  numerical  value  is  believed  to  depend  upon  atmospheric  stability 
conditions,  only.  However,  that  assumption  remains  to  be  validated  by  tests 

of  W?  ammunition  other  than  the  155MM  projectile.  In  the  interim,  the  v values 
shown  in  Table  1,  one  for  each  Pasquill  stability  category,  should  be  used  in 
the  height  of  rise  equation. 

6.  n is  the  number  of  equal  intervals  into  which  the  elapsed  time  (i.e., 
measured  from  dissemination  at  t^o)  is  divided.  It  is  usually  not  economical 
to  use  a large  n unless  the  true  lapse  rate  is  known  in  detail.  In  practice, 
one-second  intervals  from  t“o  to  the  final  time  of  interest,  t^,  are  adequate 
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AMSAR-S/VM 

SUBJKCT:  Vertical  Rise  of  a ik-ated  Plume 


7.  T is  the  virtual  temperature  (“K)  of  the  ambient  air  at  the  end  of  the 
ith  Interval.  As  the  plume  ascends  the  ambient  temperature  changes  according 
to  the  true  lapse  rate,  pressure  and  relative  humidity. 


8.  is  the  corresponding  temperature  of  the  plume  (“K)  at  the  end  of  the 

ith  interval.  The  value  of  x.  depends  upon  the  rate  of  heat  loss  through  the 
surface  area  of  the  plume,  which,  In  turn,  is  related  to  the  volume  occupied 
by  the  expanding  plume.  Xj^  is  calculated  from  the  equation. 


X . 
1 


£(t) 


9.  f(t)  is  the  surface  area  of  the  plume  (square  meters)  at  time  t.  Since 
the  volume  occupied  by  the  plume  increases  at  a different  rate  for  each  Pasquill 
stability  category,  the  surface  areas  are  also  dependent  upon  atmospheric 
stability.  f(t)  are  shown  in  Table  1.  Those  f(t)  apply  only  to  the  first 

20  seconds  of  elapsed  time.  Additional  efforts  are  being  made  to  characterize 
f(t)  as  a simple  power- law  relationship  with  elapsed  time,  rather  than  the 
quadratic  relationships  shown  in  Table  1.  ' 

10.  k is  a constant  associated  with  the  rate  of  cooling  of  the  plume.  The 
value,  k - -2.^  x 10  was  Inferred  from  the  Yuma  test  data. 

11.  M is  the  ratio  of  the  molecular  weight  of  the  ambient  air  to  the  molecular 
weight  of  the  plume.  Its  value  can  be  calculated  from  the  relationship 


4533  T P 

M „ o_o 

X (1.5  + 3626P  ) 
o o 

3 

where  is  the  density  of  air  (kg/m  ) at  z^;  T^  is  the  virtual  temperature 

("K)  of  the  air  at  z^;  x^  is  the  initial  temperature  of  the  plume,  dependent 
upon  the  ambient  air  temperature,  pressure  and  relative  humidity.  Xq  can  be 
calculated  from  the  equation 


X 

o 


273  + 


7680(1+X)  + T'  (1.5  + 871. 79P  ) 
o o_ 

1.5  + 871. 79P 

c 


12.  X is  the  yield  factor  to  be  obtained  from  the  empirical  graph  of  Relative 
Humidity  vs  Yield  Factor  (see  Fig  1);  is  the  ambient  air  temperature  (*K} 
at  z^;  and  p^  is  the  density  (kg/m^)  at  z^. 
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TABLE  1 


PASQU ill's 

f(t) 

CATEGORY 

PROBABILITY 

(GOOD  FOR  ONLY  FIRST  20  SECONTIS)! 

A 

50% 

13.25 

60t^  + 350t  + 1407 

B 

50% 

10.75 

8.61t^  + 228t  + 1407 

C 

8.90 

5.1t^  + 192t  + 1407 

D 

50% 

7.45* 

4.8t^  + 130t  + 1407* 

E 

50% 

6.15* 

4.6t^  + 93t  + 1407* 

F 

50% 

4.95* 

4.5t^  + 67t  + 1407* 

extrapolated  values 


REGINALD  G.  JOULES 


SP/5 


Methodology  Division 
Systems  Analysis  Office 
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Crane,  IN  47522 

1 The  Pentagon 

ODDR6E  (E5PS) 

Rm  3D1079 

ATTN:  Thomas  IValsh 
Washington,  DC  20301 

1 Director 

Naval  Research  Laboratory 
Code  5709 

ATTN:  Mr.  Km  E.  Howell 
Washington,  DC  20375 

1 Lockheed  Missiles  and  Space 

Co. , Inc . 

Huntsville  Res  ^ Eng  Center 
ATTN:  Mr.  L.  Ray  Baker 
4800  Bradford  Drive 
Huntsville,  AL  35804 


No . of 

Copies  Organ i zat i on 

1 Science  Applications,  Inc. 

ATTN:  Frederick  G.  Smith 
Box  328 

Ann  Art)or,  Ml  48107 

1 Commander 

USA  Mobility  Ltiuipmcnt 
Research  ti  Development  Command 
ATTN:  DRXFB-RCT  (Fred  Kczer) 
Fort  Belvoir,  VA  22060 

1 Commander 

Naval  Weapons  Center 
Code  385 

ATTN:  Russell  Reed,  Jr 
China  Lake,  CA  93555 

1 Martin-Marietta  Corporation 

P.O.  Box  5837 
ATTN:  William  A.  Buss 
Orlando,  FL  32805 

1 Teledyne  Brown  Engineering 

ATTN:  .lames  C.  Majure 
Huntsville,  AL  35807 

1 Director 

Night  Vision  Laboratory 
ATTN:  DRSEL-NV-VI 

(Richard  J.  BcrgemannJ 
Fort  Belvoir,  VA  22043 

1 Oklahoma  State  University 

School  of  Technology 
ATTN:  Dr.  Marvin  D.  Smith 
Stillwater,  Ok  74074 

1 RAND 

ATTN:  .lolin  k.  Walker,  Jr. 

2100  M.  St.,  NW 
Washington,  DC  20037 


DIS  l'UIIUJTION  l.iST  (CONT) 


No.  of 
Cop  it's 


Ori'ani  zat  ion 


No.  of 
Copies 


Orvan i zat i on 


Commander 

US  Army  Combined  Arms  Combat 
Ucvclopments  Activity 
ATI  N : ATCA-COA 

(Robert  A.  Davidson) 

Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Missile  Research  and  ; 

Development  Command  (MIRADCOM) 
ATTN;  DRDMI-CCA 

(Dr.  Bruce  Fowler) 
Redstone  Arsenal,  AL  35800 

Commander 
Frankford  Arsenal 
ATTN:  Dr.  Fd  Stubing 
Philadelphia,  PA  19124 

Cattelle  Institute 
ATTN:  Mr.  Milton  Cutler 
Columbus,  OH  43216 


Chief 

Defense  Logistics  Information 
Lxchanj'.e 

USA  Logistics  Management 
Center 

ATTN:  DRXMC-D 
Fort  Lee,  VA  23801 

Director 

USA  i'RAlXlC  Systems  Analysis 
Activity 
ATTN:  ATAA-SA 
ATAA-T 

White  Sands  Missile  Range, 

NM  88002 

Commander 

US  Army  Concepts  Analysis 
Agency 

8120  Woodmont  Avenue 
Bethesda,  MD  20014 


Aberdeen  F roving  Ground,  MD 

Dir,  Chemical  Systems  Laboratory, 

ATTN:  DRDAB-CLY-A  (Mr.  Ron  Pennsyle) 

Cdr,  USATECOM,  ATTN:  DRSTE-NO;  (Mr.  Warren  Baity),  Bldg  314 
PM  for  Smoke/Obscurants,  ATTN:  DRCPM-SMK,  Bldg  324 
Dir,  BRL,  ATTN:  Warhead  Mechanics  Div,  Bldg  328 
Ch,  Tech  Lib,  Bldg  305 
Dir,  11F.L,  Bldg  520 

Dir.  IISAMSAA.  ATTN-  DRXSY-C.P  (10  Copies) 
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